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Abstract 
 
This paper develops and applies a multi-criteria procedure, incorporating changes in natural 
frequencies, modal flexibility and the modal strain energy, for damage detection in slab-on-
girder bridges. The proposed procedure is first validated through experimental testing of a 
model bridge. Numerically simulated modal data obtained through finite element analyses is 
then used to evaluate the vibration parameters before and after damage and used as the 
indices for assessment of the state of structural health. The procedure is illustrated by its 
application to full scale slab-on-girder bridges under different damage scenarios involving 
single and multiple damages on the deck and girders. 
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1. Introduction 
Bridges are normally designed to have long life spans. Changes in load characteristics, 
deterioration with age, environmental influences and random actions may cause local or 
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global damage to these structures. Continuous health monitoring of structures will enable the 
early identification of distress and allow appropriate retrofitting to prevent potential 
catastrophic structural failures. In recent times, structural health monitoring (SHM) has 
attracted much attention in both research and development. SHM defined by Housner et al. [1] 
refers to the use of in-situ, continuous or regular (routine) measurement and analyses of key 
structural and environmental parameters under operating conditions, for the purpose of 
warning impending abnormal states or accidents at an early stage to avoid casualties as well 
as giving maintenance and rehabilitation advice. SHM encompasses both local and global 
methods of damage identification [2]. In the local case, the assessment of the state of a 
structure is done either by direct visual inspection or using experimental techniques such as 
those using acoustic emission, ultrasonic, magnetic particle inspection, radiography and eddy 
current. A characteristic of all these techniques is that their application requires a prior 
localization of the damaged zones. The limitations of the local methodologies can be 
overcome by using vibration-based (VB) methods, which give a global damage assessment. 
Health monitoring techniques based on processing vibration measurements basically relate 
two types of characteristics: the structural parameters (mass, stiffness, damping) and the 
modal parameters (modal frequencies, associated damping values and mode shapes). 
Deterioration of a structure results in a reduction of its stiffness which causes a change in its 
vibration characteristics. Thus, the damage state of a structure can be inferred from the 
changes in its vibration characteristics [3]. Usually there are four different levels of damage 
assessment [4]: damage detection (Level 1), damage localization (Level 2), damage 
quantification (Level 3), and predication of the acceptable load level and of the remaining 
service life of the damaged structure (Level 4). There is some research reported in the 
literature on the use of vibration based damage assessment methods for treating single 
damage scenarios, but this is very limited for multiple damage scenarios. Most authors 
demonstrate these existing methods for simple cases such as beam-like and plate-like 
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elements. Also existing methods, which depend only on changes in frequencies and mode 
shapes, are limited in scope and may not be useful in several realistic situations. Changes in 
natural frequencies alone may not provide enough information for integrity monitoring as 
more than one damage case can give a similar frequency-change characteristic ensemble. In 
the case of symmetric structures, the changes in natural frequency due to damage at two 
different symmetric locations are exactly the same. Alternatively, no changes in the mode 
shapes could be detected if the mode had a node point at the location of damage [5]. There is 
thus a need for a more comprehensive method of damage assessment in structures. 
 
This paper develops a multi-parameter damage assessment technique incorporating two non-
destructive damage detection parameters, along with changes in natural frequencies, for 
damage identification in slab-on-girder bridges. These parameters are the modal flexibility 
and the modal strain energy, which are based on the vibration characteristics of natural 
frequencies and mode shapes and their variations with the health of the structure. The 
procedure is first validated through experimental testing of a model bridge and then its 
application is demonstrated through its application to a full scale simply supported slab-on-
girder bridge under seven damage scenarios corresponding to different types of deck and 
girder damage.  
 
2. Vibration-based (VB) damage assessment  
There is a considerable amount of research reported in the literature on damage assessment of 
structures using numerical, experimental and theoretical procedures. Most of the research 
pertains to damage assessment in structural members such as beams and plates, while some 
treat a bridge or a building frame. Some of the relevant research on vibration based damage 
assessment methods is reviewed here. 
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Damage assessment in structural elements and frames has received considerable attention. 
The use of vibration based parameters in assessing the effect of repairs to reinforced concrete 
beams was studied by Baghiee et al. [6]. They carried out vibration tests on healthy, damaged 
and repaired reinforced concrete beams and assessed the capability of different parameters 
such as frequency, modal assurance criterion, coordinate modal assurance criterion and 
modal curvature in assessing the repair. El-Ouafi et al. [7] proposed a damage diagnosis 
method for beams and slabs, which involved the calculation of an “error” based on vibration 
data relative to the current and reference states of the structure and demonstrated its ability to 
assess moderate degrees of damage. Ge and Lui [8] proposed a method for determining the 
location and severity of damage in three structures, a beam, a frame and a plate, using the 
corresponding undamaged structure’s stiffness and mass properties and the damaged 
structure’s vibration properties. They pointed out that good results can be expected if suitable 
finite element models and reliable vibration data are available. Damage assessment in a 
reinforced concrete frame was treated by Curadelli et al. [9] by evaluating the damage-
sensitive damping coefficient using wavelet transforms. They carried out vibration 
measurements on the structure under ambient or controlled excitation and correlated damping 
with damage. Gauthier et al [10] proposed a damage identification method for beam 
structures based on the fourth derivatives of the mode shapes and demonstrated its 
application through laboratory and field applications.  This method does not require a 
reference to the undamaged state and was accurate in locating damage corresponding to 
stiffness reductions as low as 0.15%.  A global algorithm for damage detection and 
assessment of structures based on parameter estimation method using finite element analysis 
and incomplete measured modal response of the structure was presented by Rahai et al [11].  
Monte Carlo simulation was applied to study the sensitivity of this method to noise in 
measured modal displacements. The algorithm was tested in numerical simulation 
environment for simple structures. 
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Damage in bridges has also received some attention using vibration based methods and other 
techniques. Ren and Sun [12] adopted the wavelet transform combined with Shannon entropy 
to detect structural damage of a bridge model from measured vibration signals. Some damage 
features such as wavelet entropy, relative wavelet entropy and wavelet-time entropy are 
defined and investigated to detect and locate damage. The procedure is illustrated by a 
numerically simulated case and two laboratory test cases and the merits of these damage 
features are discussed. The integrity of shear connectors in a 1:3 scaled bridge model was 
assessed by Xia et al. [13] adopting various vibration-based damage identification methods 
for different damage scenarios in the connectors. The results showed that a local approach 
was able to detect all the damage successfully and consistently and as this approach did not 
need any reference data for the structure, it could be applied to the prototype bridges. Modal 
parameters from ambient vibration, together with neural networks, were used by Lee and Yun 
[14] to determine damage location and severity of steel girder bridges. The effectiveness of 
the proposed method was demonstrated through numerical analysis and experimental testing 
of a simply supported bridge model with multiple girders.  Samali et al. [15] presented a 
method for identifying damage in timber bridges using changes in modal strain energy 
between the undamaged and damaged states of plate-like structures. Numerical and 
experimental techniques were used to test the method for detecting single and multiple 
damages.  
As evident from the above review, there have been a number of studies based on vibration 
parameters to identify, locate and estimate the severity of damage in structures.  Sohn et al. 
[16] reviewed the existing literature in structural health monitoring during a five year period. 
The most common vibration-based (VB) damage detection techniques include changes to 
mode shapes, modal curvatures, flexibility curvatures, strain energy curvatures, modal strain 
energy, flexibility and stiffness matrices. Other techniques such as numerical model updating 
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and artificial neural network have also been incorporated into some VB damage detection 
methods. It is noticed that those methods utilizing mode shapes are the most developed in 
terms of displaying the ability to identify, locate and estimate the severity of damage. The 
modal flexibility and modal strain energy parameters are chosen in this investigation as their 
corresponding algorithms can be applied to both beam and plate elements, which are the main 
load bearing elements of slab-on-girder bridges [17].  The advantage of using the modal 
flexibility parameter is that the flexibility matrix is most sensitive to changes in the lower-
frequency modes of the structures due to the inverse relationship to the square of the natural 
frequencies. Therefore, a good estimate of the modal flexibility can be made with the 
inclusion of the first few frequencies and their associated mode shapes [18.] Pandey and 
Biswas [19] presented the flexibility matrix for detecting the presence and location of 
structural damage. All predictions of the state of damage were made using experimental data 
from modal testing. The authors treated a simply supported beam, a cantilever beam and a 
free-free beam to gain an insight into how the flexibility matrix is affected by the presence of 
damage.  The advantage of using modal strain energy parameter is that only  mode shapes are 
required in the damage identification without knowledge of the complete stiffness and mass 
matrices of the structure [20, 21].  Only the mode shapes of the first few modes and their 
corresponding derivatives are required in this proposed algorithm for accurate damage 
localization. By using both parameters simultaneously, the shortcomings of either of the two 
parameters can be compensated as they complement and supplement each other to guarantee 
that single and multiple damages are accurately detected. Shih et al [22] used these two 
parameters, along with changes in natural frequencies, to successfully detect damage in a 
truss bridge. There is some literature on the application of these two parameters for damage 
detection in either beam or plate elements separately [17], but comparatively very little on the 
application to coupled beam-deck systems. The objective of this paper, therefore, is to 
evaluate the feasibility of simultaneously using these two proposed parameters for damage 
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localization in slab-on-girder bridges under different damage scenarios involving single and 
multiple damages on the deck and girders. 
 
 
 
3. Theory 
3.1 Modal flexibility  
 
The modal flexibility captures the influence of both the mode shapes and the natural 
frequencies. It is defined as the accumulation of the contributions from all available mode 
shapes and corresponding natural frequencies. The modal flexibility associated with a 
location i on the structure can be represented by Equation (1) below  [19, 23, 24]. 
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where ir =magnitude of mass normalised modal vector at location i for mode r, r= circular 
natural frequency corresponding to mode r and n = number of modes  considered. 
 
The contribution to the modal flexibility decreases as the frequency increases, i.e., the modal 
flexibility converges rapidly with increasing values of frequency. From only a few of the 
lower frequency modes, therefore, a good estimate of the modal flexibility can be made. The 
change in the modal flexibility  F due to structural deterioration is given by  
F = Fid – Fih                (2) 
 
where the second subscripts (or indices) ‘ h ’ and ‘ d ’ refer to the intact (or healthy) and the 
damaged states respectively. Theoretically, structural deterioration reduces stiffness and 
increases flexibility. Increase in structural flexibility can therefore serve as a good indicator 
of the degree of structural deterioration. 
  
3.2.2 Modal strain energy based damage index 
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 The strain energy U for a beam is given by: 
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where x is the distance measured along the length of the beam, y the vertical deflection, EI
the flexural rigidity of the cross section and 22 dxyd the curvature of the deformed beam.  
 
Deterioration of a structure results in a change in modal strain energy. This damage 
assessment indicator is based on the relative differences in modal strain energy between an 
undamaged and damaged structure. The equation used to calculate the damage index ji for 
the j th element and i mode of a beam is given below [20]. 
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In the above Eq., ji is the shape of the i th mode of the j th element,   denotes double spatial 
differentiation of , and * indicates the damaged case. To account for all available modes (= 
NM), a single indicator for each location along the beam is given by Equation (5) where
jiNum = numerator of ji  and jiDenom = denominator of ji in Equation (4)                      
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For a plate (slab) of size a x b, the strain energy Uijk associated with a sub-region jk for the i
th mode is given by 
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In the above equation )1(12 23 vEhD  is the bending stiffness of the plate, v the Poisson’s 
ratio, h  the plate thickness, w the transverse displacement of the plate, 22 xw  & 22 yw  the 
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bending curvatures, yxw 22  the twisting curvature and the particular mode shape  
considered is ),( yxi  
 
The fractional energy Fijk  at location jk will be given by [21] 
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An analogous term *ijkF an be defined using the damaged mode shapes for the fractional 
energy at the same location jk of the damaged structure.  A ratio of parameters indicative of 
the damage in the structure can then be determined as shown in Equation (9), which also 
accounts for all the modes to be included in the calculation. 
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Further details and the complete derivation of this particular damage indicator for the beam 
and plate are given in references [18, 20, 21]. 
 
4.  Application  
 
4.1 Procedure  
A procedure incorporating the two damage assessment parameters discussed in section 3 
together with changes in natural frequencies will be applied to detect damage in slab on 
girder bridges. Experimental testing of a bridge model is first carried out for validating the 
numerical techniques and for establishing the feasibility of the procedure. Towards this end a 
physical model of a single-span slab-on-girder bridge consisting of beam-like and plate-like 
components is constructed and experiments on free vibration are conducted on this specimen 
both in its undamaged and damaged states. A finite element (FE) model of this bridge is then 
developed and analysed under the same conditions and the results are compared to validate 
the numerical technique. The proposed damage detection procedure is then applied to a full 
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size slab on girder bridge. FE models of the full size bridge, both in its healthy state and with 
seven damage scenarios, are developed for investigation. The primary modal properties of 
natural frequencies and mode shapes of the first five modes of these models, before and after 
damage in the seven damage scenarios are extracted from the results of the free vibration FE 
analysis. These are used to determine the 2 damage detection parameters, viz, change of 
modal flexibility and the change of modal strain energy and thereby assess the structural 
health of the bridge. The peak values of the two damage detection parameters indicate the 
corresponding simulated damage location. The accuracy of the damage detection method is 
then evaluated through observations of the plots of the two parameters. Detailed discussions 
on the experimental testing, validation procedure and application to the full size bridge are 
given below. 
 
4.2 Experimental testing and validation 
Experimental testing was carried out to validate the numerical techniques used in this paper 
as well as to establish the feasibility of the proposed method of damage assessment.  The 
experimental model for free vibration testing is a slab-on-girder bridge comprising of a steel 
deck supported by two steel girders as shown in Fig. 1(a). This simply supported bridge has a 
span length and deck width of 1.8m and 1.2m, respectively. The spacing of the girders is 
800mm centre to centre. All steel plates used in this experiment are of thickness 3mm. Steel 
diagonal bracings are installed at the two ends (over end bearings). All structural steel 
components including girders and diagonal bracings are connected by welding. The general 
FE modelling scheme for bridge is depicted in Fig. 1(b).  The details of geometric and 
material properties the bridge are listed in Table 1. Both bridge deck and girders are modelled 
as shell elements. The deck and each girder are divided into 216 and 108 elements 
respectively. Steel diagonal bracings (854mm x 50mm x3mm) at the two ends of the bridge  
are modelled as truss elements. Shell elements are widely used to idealize the bridge deck 
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since behaviour of this structural component is governed by flexure and in this case a mesh of 
shell elements is computationally more efficient when compared to one of solid elements. It 
is assumed that there is a complete connection between the girders and slab. The twin-girders 
having the same span are simply supported at their ends. 
Free vibration testing is performed on the bridge model using dynamic testing equipment 
including impact hammer, accelerometers and a data acquisition system. The instrumentation 
setup is shown in Fig. 2. All these instruments are carefully inspected and calibrated to ensure 
that they work effectively as intended. The major objective of the experimental testing test is 
to validate the numerical technique used herein and to establish the feasibility of the 
procedure. The slab-on-girder bridge model is tested before and after damage. Damage is 
induced by physically removing one of the base plates of the supports (so as to simulate 
settlement). This type of damage (or damage to piers or abutments) is normally visible and 
may not require any other damage assessment procedure. However, its choice will not negate 
the objectives of the experimental testing, but will enable the re-use of the bridge model. The 
natural frequencies of the healthy (undamaged) and damaged bridge structures are obtained 
from the free vibration response of the respective specimens.  The vibration is caused by an 
impact applied at mid-span of the test specimen by using a hammer. During free vibration the 
response of the bridge is measured through uni-axial piezoelectric accelerometers with 
nominal sensitivity of 10.33mV/g. The layout of the sensors on the test specimen is depicted 
in Fig. 3. The vertically mounted accelerometer at Grid B2 was used primarily for reference 
purposes. A data acquisition system was used to store the recorded data and transfer 
measured data to the PC for data post-processing. The sampling frequency was 500Hz and 
the average sampling length was 1900 samples per channel. The modal parameters for 
undamaged and damaged state of the test specimen were extracted from the measured 
accelerations using a commercially available data analysis and graphing software, 
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"OrignPro8". Figs. 4 and 5 show a typical acceleration response and power spectrum density 
respectively.  
 
Free vibration analyses of the computer models of the healthy and damaged bridge models 
were then carried out. Comparison between the natural frequencies obtained from 
experimental testing and finite element analysis are listed in Table 2. From the free vibration 
testing, three vibration modes (modes 1, 3 and 4) were captured instead of five modes. This 
could be due to the second mode being somewhat complex and/or instrumentation not being 
sensitive enough to capture the second and third mode frequencies which were very close to 
each other. In addition, the instruments were not able to capture mode 5. From Table 2 it is 
clearly evident that the measured and computed natural frequencies compare reasonably well.  
 
After the data post-processing and curve fitting, the captured experimental mode shapes are 
shown in Fig. 6, while the modes obtained from the finite element analysis are plotted in Fig. 
7. It is evident that the experimental and FEA results also compare reasonably well. To 
compare the co-relation between the measured and computed mode shapes in free vibration, 
the modal assurance criteria (MAC) values are calculated. MAC values vary from 0 to 1, with 
0 for no co-relation and 1 for full co-relation.  MAC values for both the undamaged and 
damaged cases are presented in Tables 3a and 3b respectively and show that the identified 
experimental mode shapes co-relate reasonably well with the corresponding computed mode 
shapes. It is therefore evident that the natural frequencies and mode shapes obtained from the 
finite element analysis compare well with those from the experimental testing and this 
provides confidence in the numerical techniques used in the paper. 
 
From the FEA results, it appears that the vibration response of the bridge is governed by 
vertical bending modes, coupled with torsional modes, in the frequency range of 11 - 26 Hz. 
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The fundamental mode is the vertical bending mode of the deck with lateral vibration of the 
girder and corresponds to a natural frequency of 11.06 Hz. It was seen that all modes 
involved both slab and girder vibrations and most included coupled vertical bending and 
torsional modes of slab and girders. 
 
In order to confirm the feasibility of using the two identified parameters to detect damage, the 
measured natural frequencies and associated mode shapes obtained from the free vibration 
testing of both the intact and damaged test models are used to calculate the modal flexibility 
change F and modal strain energy based damage index . These are plotted in Figs. 8 and 9 
respectively and it is evident that there is a distinct peak in each of these Figures 
corresponding to the end-support of the right girder, which conforms well with the damage 
scenario. Even though only 3 modes obtained from the experimental testing were used to 
evaluate the damage detection parameters, they are able to predict the damage location 
reasonably well. This establishes that the chosen damage parameters MFC and MSEC are 
both competent to localize damage in slab-on-girder bridge, and provides further confidence 
on damage detection in structures using the proposed procedure. 
 
The validation of the modelling techniques by comparison of the experimental and computed 
results for frequencies, mode shapes and MAC values for both the healthy and the damaged 
bridge models, and the establishment of the feasibility of the chosen damage detection 
parameters (as described above), provide adequate confidence in the procedure used in this 
paper for damage detection in slab on girder bridges.  
 
4.2 Damage detection in full size slab on girder bridge  
The full scale single span slab-on-girder bridge used to illustrate the damage assessment 
procedure has a zero-skew superstructure with 4m wide deck supported on two steel plate 
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girders spanning 20m. The spacing between twin-girders is 3m and the thickness of the 
concrete deck is 200mm. To provide the lateral restraint required for the development of 
transverse bending stiffness of the slab and the stability for twin-girders, steel diagonal 
bracings are installed between girders at spacing of 1m. The general modelling scheme for 
this FE model is depicted in Fig. 10, while their geometric and material properties are listed 
in Table 4. Both bridge deck and girders are modelled with shell elements. The deck and each 
girder are divided into 160 and 80 elements respectively. Cross bracings between girders are 
modelled as truss elements having the dimensions 3354 mm x 20 mm x 6 mm. It is assumed 
that there is a complete connection between the girders and slab. The twin girders having the 
same span are simply supported at their ends and rotations about all 3 axes are allowed in 
order to simulate the desired boundary conditions. 
 
A total of 7 damage cases are investigated for the damage identification of this bridge. The 
first three damage cases involve deck damage only and the last four cases girder(s) damage 
only as shown in Figs. 11 and 12 respectively. Damage in a structural member reduces its 
stiffness and this can be simulated in a flexural member by either reducing the elastic 
modulus (E) or the second moment of area (I). In the present case, damage on the deck is 
simulated by reducing the elastic modulus (E) of selected elements, while damage on the 
girder is simulated by removing a selected element of size of 500 mm x 375 mm from the 
bottom of the girder. The corresponding reduction in (cross-sectional) stiffness for the 
selected damage elements in the deck and girder are 0.5E and 0.6Ig respectively, in which Ig is 
the gross second moment of area. A wide range of damage scenarios is considered to 
demonstrate the effectiveness of the proposed procedure across all these damage cases.  In 
damage cases D1 and D2, a single damaged element is simulated on the deck at the mid-span 
and quarter-span respectively. In damage case D3, two damaged elements are simulated on 
the deck, one located at the mid-span and the other at quarter-span. In damage cases D4 and 
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D5, one damage element is simulated on the right ‘R’ girder at the quarter-span and mid-span 
respectively. In damage case D6, two damage elements are simulated both on the ‘R’ girder, 
one at the mid-span and the other at quarter-span. In damage case D7, a total of two damage 
elements are simulated on the girders, one on the ‘R’ girder at the three quarter-span and the 
other on the left ‘L’ girder at the mid-span.   
5. Results and discussion 
 
As a single damage indicator is not reliable, especially in the case of multiple damages, the 
multi-criteria approach which incorporates (1) change of frequency f , (2) change of modal 
flexibility F and (3) change of modal strain energy ratio β are used in the damage 
assessment of the slab-on-girder bridge. To illustrate the vibration characteristics of the 
bridge and the feasibility of the proposed multi-criteria damage identification method, the 
first five natural frequencies and mode shapes are extracted from the modal analysis of the 
bridge using SAP2000. No structural damping is used in the free vibration analysis. Since the 
main purpose of this study involves the damage identification on bridge superstructure, the 
influence of substructures, such as bearings, piers and abutments, is not considered. An 
assumption is also made that the mass of the deck and girders does not change appreciably as 
a result of the damage.  
 
 
5.1 Frequency change  
 
Firstly, results from the frequency analyses of  the undamaged and the damaged structure are 
compared to establish the damage alarming objective. The natural frequencies of the first five 
modes of the slab-on-girder bridge before and after damage in the seven damage scenarios 
obtained from the results of the FE analysis are listed in Table 5. The mode shapes 
corresponding to the first five vibration modes of intact bridge are illustrated in Fig. 13. It 
appears that the dynamic behaviour of this bridge is governed by vertical bending modes, 
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coupled with torsional modes, in the frequency range of 0.7 – 4.3 Hz. The fundamental mode 
of the bridge is the vertical bending mode with natural frequency of 0.74 Hz. Modes 1, 2 and 
4 are vertical bending modes, while modes 3 and 5 are coupled vertical bending and torsional 
modes. It can be seen that all modes involve  both slab and girder vibrations and most include 
coupled vertical bending and torsional modes of slab and girders. 
In order to relate the location and severity of damage with damage-induced frequency change 
levels, frequency change ratios for all the damage cases are calculated. The frequency change 
ratio for the i-th mode caused by damage is defined as 
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where if  and
*
if are computed natural frequencies for the i-th mode of the intact structure and 
the damaged structure respectively. The frequency change ratios for the first 5 modes, using 
Eq. (1) are listed within brackets in Table 5. Based on the observation in all damage cases, 
the frequency change ratios corresponding to the locations and severity of damage are 
summarised in Table 6. It is noted that higher damage severities pertaining to multiple 
damage in the girders (D6 and D7) cause higher frequency change ratios as expected.  Also 
the damage occurring at the mid-span of the girders (D5) causes higher frequency change 
ratio in the first mode than damage at quarter-span (D4).  Similar conclusions apply for the 
deck as well. However it should be admitted that the changes of frequency may be too small 
to be detected in real situations, leading to the importance of adopting the multi-criteria 
approach demonstrated below.  
 
 
 
5.2 Modal flexibility change (F or MFC)  
 
After frequency analysis, which indicated the occurrence of damage, the first five natural 
frequencies and associated mode shapes obtained from the Eigen value analysis of both the 
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intact and damaged bridge models are used to calculate the modal flexibility change (MFC) 
by using Eqs. (1) and (2).  Plots of MFC in deck for damage cases D1-D3 are shown in Figs. 
14(a)-(c). The peak values of the plots indicate the damage locations on deck. In Figs. 14(a) 
and (b), there are distinct peaks at the mid-span and quarter-span respectively, which conform 
well with the damage cases D1 and D2 respectively. In Fig. 14(c) there should be two peaks 
in the graph corresponding to the 2 damaged elements on the deck in damage case D3, but it 
seems that this plot has missed one of the peaks, which corresponds to the damage at mid-
span. Plots of MFC on deck for damage case D7, which pertains to girder damage (only) are 
shown in Fig. 14(d). As expected there are no distinguishing peak(s) in the plots of MFC, as 
these are `randomly distributed across the intact deck and most importantly these MFC plots 
have much smaller magnitudes compared to those at damage locations. MFC in the deck for 
the other girder damage cases (D4, D5 and D6) are not shown as they too do not convey any 
definite information and have smaller magnitudes. 
 
The plots of MFC along the twin-girders for damage case D1 are shown in Fig. 15(a). It can 
be seen that these curves corresponding to the undamaged girders have very small values (of 
ΔF) across a range of 0 to 6x10-9 m/N. The plots of MFC along the girders for damage cases 
D5-D7 are shown in Figs. 15(b)-(d), while the enlarged portions of their peaks at the damage 
locations are shown in Fig. 16.  It can be seen that the curves for the damaged girders have 
higher amplitudes compared to those for the undamaged girders and most importantly the 
peaks (or maxima) in the curves for the damaged girders correspond to the damage locations. 
It is also evident that their peaks are mostly in phase and that the shapes of the curves were 
probably half-sine vibration modes (initially) for the intact girders alone.  The intact deck 
does not seem to intervene much on the modal vectors of the damaged girders and as a 
consequence nearly smooth sine wave curves are obtained along the girders.  
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5.3 Modal strain energy change (MSEC) - β 
The first five mode shapes obtained from the FE analyses of the intact and damaged bridge 
models are used to calculate the MSEC (β). Plots of MSEC on deck for damage cases D1-D3 
are shown in Figs. 14(e)-(g). The peak values of the plots indicate the location of damage on 
the deck. It is found that the MSEC parameter is able to detect and localize damage zones on 
the deck precisely in all cases of deck damage.  Fig. 14(h) shows the variation of MSEC in 
the deck when there is damage only in the girders. The β values in this Figure are all smaller 
than those in Figs. 14(e)-(g) and they do not offer any meaningful interpretation as they vary 
randomly across the deck.  
 
The plots of MSEC (β) along the twin-girders for damage cases (D1, D5-D7) are shown in 
Figs. 15(e)-(h). It can be seen that the curves for the undamaged girders in Fig. 10(e), 
corresponding to deck damage case D1 oscillate over a range 0.998 - 1.002 about the base 
line value of 1 and that the peaks in these curves have smaller values than those 
corresponding to the girder damage cases (D5-D7). The latter curves in Figs. 15(f)-(h) for the 
damaged girders oscillate in a comparatively larger range of 0.985 – 1.015 about the base line 
value of 1. In order to distinguish between undamaged and damaged states of the girders and 
locate their damage zone, a damage limit (1.005 in this paper as shown in Figure 15 (e) – (h)) 
can be defined, which depends on the damage extent to be detected. This can be done by 
using statistical hypothesis based on statistical confidence bounds on the normalized values 
of the damage index adopted. Peaks in the plotted curves that exceed the defined damage 
limit, will then indicate that damage occurs at that corresponding location along the girder. It 
is clearly evident that these Figures, corresponding to girder damage cases (D5-D7) have 
distinct peaks at the damage locations. This feature confirms that the MSEC parameter can 
accurately identify and locate damage in bridge girders. 
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The MFC and MSEC parameters complement and supplement each other as clearly evident 
from Figs. 14 and 15. Figs. 14(a) – (c) (for MFC) co-relate  with Figs. 14(e) – (g) (for MSEC) 
and establish the damage locations on the bridge deck. Similarly, Figs. 15(b) – (d) (from 
MFC) and Figs. 15(f) – (h) (from MSEC) co-relate to establish damage locations in the 
bridge girders. From the extensive numerical analyses carried out, the performance of 
proposed damage detection parameters for slab-on-girder bridges are summarised in Table 7.  
 
6. Conclusions   
 
This paper developed and applied a multi-criteria based non-destructive damage detection 
methodology for slab-on-girder bridges. The proposed procedure incorporates two damage 
detection parameters based on changes in (1) modal flexibility and (2) modal strain energy, in 
addition to change in natural frequencies, all of which are evaluated from the results of free 
vibration analysis of the damaged and healthy structural models. The major contribution of 
this paper is that a multi-criteria based non-destructive damage detection methodology is 
developed and applied to slab-on-girder bridges. This research is innovative as it treats 
several damage scenarios, which include single and multi-damages in the bridge girders and 
the deck. The modelling techniques used herein and the feasibility of the proposed VB 
damage parameters in locating damage were validated through experimental testing. The 
general observation resulting from this study is that the fundamental frequency change ratio 
between undamaged and damaged structural elements depends on damage location and the 
amount (or number) of damage.  In addition, it is possible to distinguish between undamaged 
and damaged states of the deck and locate any damaged zone by observing the peaks in the 
curves plotted using the two proposed damage parameters. Clear peaks in the plots indicate 
the damage locations on the deck, while random distribution of damage indicators with 
smaller amplitudes implies that no damage occurs on the deck. Similar comments apply to 
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the bridge girders for which larger maxima in MFC plots and distinct and larger amplitude 
peaks in the MSEC plots identify and locate the damage in bridge girders. Moreover, in the 
case of girder damage alone, nearly smooth sine curves are obtained from the MFC plots.  It 
is also found that damage severity in deck is indicated to a certain extent by the maximum 
value of the MFC or MSEC based damage index β. For example, the maximum values of 
both the MFC and MSEC in the bridge deck under damage case D1 (mid-span damage) are 
slightly more than those under damage case D2 (quarter span damage). Damage limit, which 
depends on the damage extent to be detected, is established to discriminate structural health 
status of girders. Peaks in the plotted curves that exceed the defined damage limit, will then 
indicate that damage occurs at the corresponding locations in the girder. It is concluded that 
applying the modal flexibility and the modal strain energy parameters to slab-on-girder 
bridges provides reliable and reasonably accurate multiple damage localization. As there 
could be some discrepancies in either of the damage assessment parameters, their combined 
use will enable them to complement and supplement each other. The multi-criteria procedure 
incorporating the changes in natural frequencies, modal flexibility change and modal strain 
energy change will provide enhanced chances for damage assessment as illustrated in the 
paper. 
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(a) Test specimen    (b) FE Model of test specimen 
Fig. 1. Slab-on-girder bridge model.  
 
 
Fig. 2. Instrument setup in dynamic test. 
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Fig. 3. Measurement grid and accelerometer locations.  
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Fig. 4. Typical acceleration time history.  
 
 
Fig. 5. Typical power spectrum density plot.  
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(a) Mode 1, f1=10.74Hz 
 
(b) Mode 3, f3=18.57Hz 
 
(c) Mode 4, f4=24.56Hz 
 
Fig. 6. Experimentally obtained vibration modes of undamaged deck. 
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     (a) Mode 1, f1=11.07Hz 
 
 
(d) Mode 2, f2=17.02Hz 
 
 (b) Mode 3, f3=17.99Hz 
 
 
(e) Mode 5, f5=25.83Hz 
 
 
(c) Mode 4, f4=24.67Hz 
 
 
 
Fig. 7. First five vibration modes of undamaged deck (FEM). 
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Fig. 8. Modal flexibility change on girders based on experimental data in damage scenario. 
 
 
Fig. 9. Modal strain energy based damage index on girders based on experimental data in 
damage scenario. 
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Fig. 10. Isometric view of FE model (20m span). 
 
(a) D1     (0.5E)                           
 
(b) D2     (0.5E)                           
 
(c) D3     (0.5E)                          
 
Fig. 11. Damage cases (D1-D3) on deck. 
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‘R’ girder   
 
‘L’ girder  
(a) D4     
 
 
‘R’ girder  
 
‘L’ girder  
(b) D5     
 
 
‘R’ girder  
 
‘L’ girder  
(c) D6    
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‘R’ girder  
 
‘L’ girder  
(d) D7     
Fig. 12. Damage cases (D4-D7) on girders. 
 
  
(a) Mode 1, f1=0.74Hz    (d) Mode 4, f4=3.64Hz 
  
(b) Mode 2, f2=2.27Hz    (e) Mode 5, f5=4.29Hz 
 
(c) Mode 3, f3=2.46Hz 
Fig. 13.  First five vibration modes of intact bridge model (healthy). 
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(a) D1      (e) D1 
 
  
(b) D2      (f) D2 
 
  
(c) D3      (g) D3 
 
  
(d) D7      (h) D7 
 
Fig. 14.  Modal flexibility change (Left) and Modal strain energy based damage index (Right) 
on deck. 
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(a) D1 
 
 
 
 
 
 
(b) D5 
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(c) D6 
 
 
 
 
 
 
 
(d) D7 
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(e) D1 
 
 
 
 
 
 
(f) D5 
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(f) D6 
 
 
 
 
 
(h) D7 
 
Fig. 15. (a), (b), (c) and (d): Modal flexibility change and (e), (f), (g) and (h): Modal strain 
energy based damage index on girders.  
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(a) D5 
 
 
(b) D6 
 
 
(c) D7 
 
Fig. 16. Enlarged portion of Modal flexibility change at damaged locations on girders.  
          (continuous line: right girder and dotted line: left girder) 
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Table 1  
Geometric and material properties for the test specimen 
Flexural Member Deck (2D) Girder (2D) 
Element type Shell Shell  
Material Steel  Steel  
Length 1800 mm 1800 mm 
Width 1200 mm 3 mm 
Depth 3 mm 300 mm 
Poisson's ratio 0.3 0.3 
Mass density 7800 kg/m3 7800 kg/m3 
Modulus of elasticity 200 GPa 200 GPa 
 
 
Table 2  
Correlation between experimental and initial FE model  
Mode  Undamaged Damaged 
 Modal 
testing  
(Hz) 
Initial  
FEM  
(Hz) 
Frequency
difference 
(%) 
Modal 
testing  
(Hz) 
Initial  
FEM  
(Hz) 
Frequency 
difference  
(%) 
1 10.74 11.07 3.07 10.22 10.50 2.74 
3 18.57 17.99 3.12 15.82 16.27 2.84 
4 24.56 24.67 0.48 18.07 18.58 2.74 
 
 
 
Table 3a  
MAC using experimental and analytical data for undamaged case  
 Analytical data 
Mode 1 Mode 3 Mode 4 
Experimental 
data 
Mode 1 0.92 0.18  0.21 
Mode 3 0.12  0.86 0.16 
Mode 4 0.15  0.24 0.91 
 
Table 3b  
MAC using experimental and analytical data for damaged case  
 Analytical data 
Mode 1 Mode 3 Mode 4 
Experimental 
data 
Mode 1 0.94 0.20 0.20 
Mode 3 0.12 0.82 0.13 
Mode 4 0.17 0.21 0.90 
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Table 4  
Geometric and material properties for the slab-on-girder bridge 
Flexural Member Deck (2D) Girder (2D) 
Element type Shell Shell  
Material Concrete Steel  
Length 20 m 20 m 
Width 4 m 8 mm 
Depth 200 mm 1.5 m 
Poisson's ratio 0.2 0.3 
Mass density 2400 kg/m3 7800 kg/m3 
Modulus of elasticity 24 GPa 200 GPa 
 
 
 
Table 5  
Natural frequencies from FEM for slab-on-girder bridges  
(Percentage changes w.r.t. to the undamaged conditions are listed within brackets) 
Situation Mode 1 ƒ1 (Hz) 
Mode 2
ƒ2 (Hz) 
Mode 3
ƒ3 (Hz) 
Mode 4
ƒ4 (Hz) 
Mode 5 
ƒ5 (Hz) 
Original  0.7413 2.2735 2.4692 3.6471 4.2961 
Deck damage 
D1 0.7409 2.2730 2.4691 3.6464 4.2956 (0.05) (0.02) (0.00) (0.02) (0.01) 
D2 0.7410 2.2733 2.4682 3.6451 4.2937 (0.03) (0.01) (0.04) (0.05) (0.06) 
D3 0.7409 2.2729 2.4681 3.6463 4.2942 (0.05) (0.03) (0.04) (0.02) (0.04) 
Girder(s)damage 
D4 0.7298 2.2425 2.4594 3.6295 4.2877 (1.55) (1.36) (0.40) (0.48) (0.20) 
D5 0.7244 2.2690 2.4672 3.6434 4.2880 (2.27) (0.20) (0.08) (0.10) (0.19) 
D6 0.7138 2.2372 2.4573 3.6264 4.2798 (3.70) (1.60) (0.48) (0.57) (0.38) 
D7 0.7178 2.2443 2.4534 3.5846 4.2720 (3.16) (1.28) (0.64) (1.71) (0.56) 
 
 
Table 6  
The relationship between fundamental frequency change ratio and damage severity with 
certain locations on deck and girders 
Damage case 1 damage at 
quarter-span
(D2/D4) 
1 damage at 
mid-span 
(D1/D5) 
2 damages (1 at quarter span 
or edge and 1 at mid-span) 
(D3/D6/D7) 
Deck damage (D1-
D3) 
0.03% 0.05% 0.05% 
Girder(s) damage 
(D4-D7) 
1.55% 2.27% 3.43% 
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Table 7  
Performance of damage detection algorithms for slab-on-girder bridge 
Damage case Deck Girder 
MFC MSEC MFC MSEC
Deck 
damage 
D1    
D2    
D3 ×   
Girder(s) 
damage 
D4    
D5    
D6    
D7    
 
 
 
